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Abstract: In view of minimally-invasive clinical interventions, laser tissue soldering assisted
by plasmonic nanoparticles is emerging as an appealing concept in surgical medicine, holding
the promise of surgeries without sutures. Rigorous monitoring of the plasmonically-heated
solder and the underlying tissue is crucial for optimizing the soldering bonding strength and
minimizing the photothermal damage. To this end, we propose a non-invasive, non-contact,
and non-ionizing modality for monitoring nanoparticle-assisted laser-tissue interaction and
visualizing the localized photothermal damage, by taking advantage of the unique sensitivity
of terahertz radiation to the hydration level of biological tissue. We demonstrate that terahertz
radiation can be employed as a versatile tool to reveal the thermally-affected evolution in tissue,
and to quantitatively characterize the photothermal damage induced by nanoparticle-assisted laser
tissue soldering in three dimensions. Our approach can be easily extended and applied across a
broad range of clinical applications involving laser-tissue interaction, such as laser ablation and
photothermal therapies.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Emerging light-based technologies have permeated many aspects of modern medicine, including
medical imaging, diagnosis, therapy, and surgery [1]. In particular, among those, laser tissue
soldering is an advanced suture-less surgery method for wound healing. The basic principle is to
use laser light in combination with a solder material, such as albumin, to “stitch” surface wound
cuts together. When the laser light illuminates the applied solder, the underlying tissue heats
up and a continuous bond is created, reconnecting collagen [2]. The result is a waterproof seal
along the entire wound, which prevents access to external pathogens and does not require suture
removal. Advantages of laser tissue soldering over conventional sutures are a less inflammatory
response of the tissue, a reduced chance of post-surgery infection, and no allergic reactions to
foreign materials being introduced via traditional stitches [3]. Moreover, the laser-assisted wound
sealing is less traumatic and retains significantly less scared tissue. It is also faster and easier to
apply, while being less skill dependent. Additionally, laser tissue soldering can be used to seal
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and connect complex and delicate tissues, including cornea [4], blood vessels [5], and nerves [6],
that would be otherwise damaged by conventional suturing.

Recent studies have shown that the soldering process can be enhanced by combining albumin
with plasmonic nanoparticles [7–9], such as gold nanorods (GNRs). GNRs, possessing high
near-infrared (NIR) absorption cross-sections, can convert light to heat efficiently [10,11]. The
GNR-embedded solder solution forms a photo-thermal nanocomposite that facilitates rapid
wound sealing with less laser power required (with respect to simple albumin). However,
nanoparticle-assisted laser tissue soldering has not been used in the clinical setting yet. The
underlying reason is the fact that the rapid elevation in temperature due to laser absorption and
the concomitant heat generation can cause significant photothermal tissue damage. Figure 1
schematically illustrates the photothermal reactions that may happen when the laser energy
strikes the tissue and is absorbed [12]. The heat generated locally by the incident laser beam is
transferred to the adjacent (cooler) areas radially, depending on the thermal conductivity of the
tissue; therefore, in this initial stage, the photothermal effect is reversible. If the laser excitation
continues, the finite heat conduction of the tissue does not allow for an appropriate transfer of
the generated heat; when the local temperature reaches a critical limit (∼60 ◦C), coagulation of
biomolecules takes place, in turn leading to cell death. A further energy accumulation leads to
an additional increase in the local temperature, until the water in the tissue reaches the boiling
temperature (∼100 ◦C). Few seconds after this stage is reached, water evaporates and the soft
tissue drastically reduces its volume. With more laser energy deposited, biomolecules, such as
proteins, start burning, which causes carbonization on the surface [13]. Therefore, to minimize
tissue damage and optimize the bonding strength [14], a rigorous approach to monitoring of the
heated solder and the underlying tissue is strictly necessary.

Fig. 1. Schematic showing the range of simultaneous photothermal reactions during
nanoparticle-assisted laser tissue soldering.

In this work, we capitalize on the unique properties of terahertz (THz) radiation [15] (frequency
range between 0.1 and 3 THz in our experiments) to investigate nanoparticle-assisted laser-tissue
interaction. We demonstrate, for the first time to our knowledge, the promising capability
of the proposed technique to perform simultaneous monitoring of laser-tissue interaction and
three-dimensional visualization of the photothermal damage induced by nanoparticle-assisted
laser tissue soldering in a non-invasive and non-contact manner. Due to the presence of water in
physiological tissues and the extreme absorption of water at THz frequencies, the penetration
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depth is limited to only a few hundreds of microns [16]. However, the high sensitivity of THz
radiation to water provides easily detectable changes in THz reflectivity for small variations in
the tissue hydration level, making the variation of water content an effective contrast mechanism
[17,18]. This advantage, together with the low, non-ionizing photon energy [19] (0.4-40
meV) make THz radiation an ideal diagnostic tool for in-vivo imaging of skin burns [20,21],
melanoma/carcinoma [22,23], breast cancers [24], corneal pathologies [25], as well as diabetic
deterioration [26,27]. This study is organized as follows: First, a numerical finite element
model is established to qualitatively investigate the spatio-temporal heat transfer and the resulting
temperature distribution in skin upon laser illumination. Second, a dynamic THz single-point
measurement is conducted to monitor the process of nanoparticle-assisted laser-tissue interaction.
The evolution of the THz signals associated with the growth of the photothermal damage is
revealed, analyzed, and discussed. Finally, in-vitro THz reflective imaging is performed to
evaluate the soldered skin and quantitatively characterize the photothermal damage induced by
nanoparticle-assisted laser skin soldering in three dimensions.

2. Materials and methods

2.1. GNR-embedded solder gel and skin samples

The GNR-embedded solder gel was prepared by dissolving 50% weight by volume concentration
of bovine serum albumin (BSA) (Sigma-Aldrich) in a 1:1 mixture of GNR dispersion and
deionized water. The GNRs are 41 nm in length and 10 nm in width, with an aspect ratio of 4.1,
and feature a localized surface plasmon resonance (LSPR) at 808 nm. The GNR dispersion was
purchased from Nanopartz. The optical density per unit thickness, OD, of the GNR dispersion
was 100. The resulting solder gel consisted of 7×1010 nanoparticles/ml. Porcine ear skin was
selected as an in-vitro model for human skin, since their histological and physiological properties
are almost identical [28], hence porcine skin can be considered as a good surrogate for preclinical
studies.

2.2. Heat transfer modelling

A finite element model implemented in COMSOL Multiphysics was established to qualitatively
investigate the time-dependent heat transfer and spatial temperature distribution in skin upon
laser illumination. As shown in Fig. 2(a), the sample was modeled as a two-layered structure: the
skin was considered as a homogeneous layer, including water and low-loss biological background,
with 5 mm thickness and 8 mm radius; the solder gel was treated as a homogeneous mixture of
BSA and GNR dispersions with a thickness of 0.2 mm and radius of 8 mm. A continuous-wave
(CW) NIR laser beam (wavelength at 800 nm) with a radius of 2.2 mm and intensity of 50
mW/mm2, was assumed to impinge onto the top center of the modelled sample. The initial
temperature was set at 25 ◦C.
The thermal transfer properties of the biological tissue in absence of blood circulation are

simply described by the heat transfer equation [29], which can be expressed as:

ρCp
∂T
∂t
+ ∇(−k∇T) = Qext, (1)

where ρ is the density (1321 kg/m3 for the solder gel [30], 1050 kg/m3 for the porcine skin
[31]), and Cp is the specific heat capacity (3.4 J/(g·K) for the solder gel [30], 3.6 J/(g·K) for
the porcine skin [31]); the second term accounts for thermal diffusion where k represents the
thermal conductivity (0.58 W/(m·K) for the solder gel [30], and 0.5 W/(m·K) for the porcine
skin [31]); T and t are the temperature and time scale, respectively, while Qext represents all
the external sources which contribute to the heating. By considering the absorbed part of the
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Fig. 2. Spatio-temporal heat transfer model of laser-tissue interaction. (a) Schematic
diagram of the finite element model of nanoparticle-assisted laser-tissue interaction. (b)
Simulated temperature transients at the top center of the skin, with and without modelling
the tissue damage. The inset shows the zoom-in of the temperature transient without the
application of the solder gel. (c) Simulated three-dimensional temperature distribution in
skin with the application of the solder gel after a laser exposure time of 250 s. Temperature
contours of 60 ◦C and 100 ◦C are highlighted in white and black, respectively. (d) Spatial
temperature distribution along the depth direction at the center of the skin sample (at t = 250
s). (e) Estimated damage distribution in skin with the application of the solder gel after a
laser exposure time of 250 s.

beam, the laser heat source Qlaser is modeled based on the Beer-Lambert Law in the cylindrical
coordinate system as:

Qlaser = −
∂I(r, z)
∂z

����
abs
= µabsI(r, z), (2)

I(r, z) = I0(r)e−(µabs+µscat)z, (3)
where I0(r) is the laser intensity at the surface (with a Gaussian profile, and an average intensity
of 5 W/cm2), while µabs and µscat are the absorption and scattering coefficients of the skin. For
the porcine skin, the absorption and scattering coefficients are 0.02 cm−1 and 6.5 cm−1 [31],
respectively; for the solder gel, the extinction coefficient is (µabs + µscat)/ln10 = 100 cm−1, based
on the experimental data in which we consider that absorption accounts for 99% of the loss,
following the theoretical calculation for the interaction cross-section of GNRs (10 nm × 41 nm)
dominated by absorption. Convection loss Qconv and radiation loss Qrad at the surface in contact
with the environment are defined as:

Qconv = −h(T − T0), (4)

Qrad = −εσ(T4 − T4
0 ), (5)

where h is the heat transfer coefficient for convection (5 W/(m2 ·K)), ε is the surface emissivity
(0.8), and σ is the Stefan-Boltzmann constant. In hyperthermia processes, tissue necrosis
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(permant damage or death of living tissue) occurs when an excessive amount of energy is
absorbed over a certain period of time. Furthermore, we include a simple model to quantify the
damage inflicted to the tissue, taking it as occurring when the tissue temperature is elevated above
a critical value (100 ◦C in our case), and maintained for a certain time period τdamage (which is
chosen as 10 s in our simulation according to our experimental evidence). Therefore, based on a
simple model of phase change as an approximation to the necrosis/carbonization of the tissue,
the degree of damage can be quantified by a parameter α, starting at zero (non-damaged tissue)
and evolving as:

dα
dt
=

1
τdamage

θ(T − 100◦C), θ(x) =

{
0, x<0
1, x ≥ 0

, (6)

Qdamage = −Lhρ
dα
dt
θ(α)θ(1 − α). (7)

These equations provide a simple model for quantifying the heat used to drive a phase change
process that is characterized by a temperature threshold and a defined time duration. The
parameter α gives an indication of the tissue damage state, and increases from zero as the local
temperature reaches the critical value. When it reaches 1, the tissue is considered fully necrotic
and carbonized. The fraction of necrotic tissue can be estimated by spatially mapping the quantity
min(α, 1). A heat sink is associated with the reaction, to properly model the amount of energy
required to realize the burning process, in turn leading to tissue damage. Therefore, Qdamage is
calculated from Eq.7, in which the damage enthalpy change Lh is taken as the enthalpy of water
vaporization (2250 kJ/kg). Based on the model outlined above, the heat equation in Eq.1 is solved
using COMSOL Multiphysics. The temperature distributions with and without the application of
the solder gel at each time step were calculated to obtain the simulation results.

2.3. THz imaging system

The THz time-domain spectroscopy (TDS) system employed in this study, shown in Fig. 3(a), is
based on two photoconductive antennas (PCAs, for THz emission/detection, Tera8-1 from Menlo
Systems) with a gap size of 5 µm made of low-temperature-grown gallium arsenide (LT-GaAs).
The transmitter is biased with 30 Vpp and modulated by a 1 kHz square wave. Photocarriers
within the PCA substrate are excited by a laser source (775 nm wavelength, FemtoFiber Smart
from Toptica), which provides 100-fs-long pulses at 100 MHz repetition rate. The main beam
is split into a pump and a probe via a 50/50 beam splitter in order to excite the transmitter and
detector, respectively. The emitted THz pulse is guided by four polymethylpentene (TPX) lenses
(BATOP Optoelectronics) to realize a reflection geometry with a 1.5 mm focusing spot size.
The skin sample is placed in the focal plane of the optical setup. The angle of incidence is 45◦
relative to the normal axis of the sample. The power spectrum of the emitted THz pulses peaks
at about 0.3 THz and exceeds 3 THz in bandwidth with a dynamic range of 60 dB. A 50-ps long
fast delay line (scanDelay 50 from APE) was used to delay the probe with respect to the pump
beam in order to read out a single THz waveform every second. The averaging time constant of
the lock-in amplifier was set to 300 µs. The sample was mounted on a motorized translation
stage enabling pixel-by-pixel THz raster-scans.

2.4. Signal post-processing algorithm

THz frequency-wavelet domain deconvolution (FWDD) [32] was employed to process the
recorded THz reflected signals in order to enhance the resolution in depth. In the time domain, the
reflected THz signal r(t) is the convolution of the incident THz pulse i(t)with the impulse-response
function h(t), which corresponds to the structure and properties of the sample at a given position
[33]. Ideally, h(t) can be retrieved by the inverse Fourier transform based on the convolution
theorem. However, successful deconvolution cannot be expected by directly applying the inverse
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Fig. 3. Dynamic THz single-point measurements. (a) Experimental THz-TDS setup in
reflection geometry. The 786 nmNIR beam is used to plasmonically heat the GNR-embedded
solder gel and the porcine skin sample. (b) Digital photograph of the porcine skin sample
with the GNR-embedded solder gel applied on the surface. (c) Digital photograph of the
porcine skin sample after plasmonic heating for 250 s. Here, carbonization on the surface is
observed. (d) The 250 reflected THz signals recorded (one trace per second) during the laser
illumination. (e) The 250 deconvolved signals achieved after applying the FWDD algorithm
to the raw THz signals in (d).

Fourier transform, since division by small numbers in the frequency domain will give rise to
large spikes in the high frequency region, in turn leading to severe ringing in the time domain.
Therefore, frequency-domain filtering is introduced to suppress the high-frequency noise. Then
h(t) can be expressed as:

h(t) = FFT−1[FFT(f (t)) ×
FFT(r(t))
FFT(i(t))

] , (8)

where FFT denotes the Fourier transform, FFT−1 the inverse Fourier transform, and f (t)
corresponds to the filter function in the time domain. In this study, a Hanning window function
is chosen as the filter function f (t), and its frequency spectrum F(ω) can be expressed as,

F(ω) =

{
eiωt0cos2( ω4fc ), |ω | <2πfc
0, |ω | ≥ 2πfc

, (9)

where t0 corresponds to the arrival time of the THz main peak in time and fc is the cut-off
frequency. The selection of fc is a compromise between the time resolution and frequency-domain
filtering. Usually, a relatively high value of fc is chosen (fc = 3 THz in this study) in order to
achieve a high resolution in time. However, in this case, a satisfactory signal-to-noise ratio in time
cannot be guaranteed. Therefore, stationary wavelet shrinkage is applied to further attenuate the
residual noise in time. The symlet (sym4) wavelets [34], which are a modified form ofDaubechies
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wavelets, are chosen in this study. A maximum level of 7 is used for the wavelet decomposition
as no significant improvement can be observed for higher levels to justify the extra computational
expense. Quite often, the signal after FWDD contains slow fluctuations corresponding to the
low-frequency noise, due to the THz source being inefficient in the low frequency region. This
kind of noise can be cancelled by substracting the baseline of the deconvolved signal. The
resulting deconvolved signal, representing the impulse-response function, provides a new imaging
domain with enhanced depth resolution.

3. Results and discussions

3.1. Spatio-temporal heat transfer modelling of nanoparticle-assisted laser-tissue
interaction

The spatio-temporal temperature distributions were estimated using the heat equation in a
simplified model of porcine skin described in the previous section. The temperature transients at
the top center of the skin were simulated and displayed in Fig. 2(b). With the application of a
GNR-embedded solder gel, the temperature transient quickly increased within 25 s, and gradually
saturated thereafter. The achieved temperature in the solder gel could reach 60 ◦C within only 20
s, and 100 ◦C within 75 s. Simulated temperature transients with (in red) and without (in black)
accounting for the thermal damage model were compared. After the temperature reached 100 ◦C,
some of the absorbed energy was directed to produce tissue damage, therefore, acting like an
effective heat sink. On the other hand, if the solder gel was not applied, most of the laser light
was scattered by the skin sample and the increase of the temperature was very small, as shown
in the inset of Fig. 2(b). The significant increase of temperature in the solder gel is due to the
fact that the embedded GNRs (10 nm × 41 nm in size) can absorb most of the beam intensity
and convert it efficiently to heat due to their LSPR and the collective heating effect [10]. It is
also crucial to mention that the GNRs embedded in the solder gel interact with light through
absorption, showing little scattering and, consequently, behaving as excellent nanoheaters. The
simulated spatial temperature distribution, following plasmonic heating for 250 s, is depicted
in Fig. 2(c). The temperature contours corresponding to 60 ◦C and 100 ◦C are highlighted
in white and black, respectively. As previously mentioned, a temperature above 60 ◦C leads
to the irreversible coagulation of biomolecules, and water evaporation is dominant when the
temperature is higher than 100 ◦C. The maximum temperature is recorded at the center of the
laser beam, due to its Gaussian intensity profile, from which the temperature decays in the radial
direction. Importantly, it also decreases in the depth, given that light absorption occurs at the
solder gel position and almost not at all within the skin. As shown in Fig. 2(d), the temperature
distribution as a function of depth in the center of the skin model demonstrates that the addition of
the GNR-embedded solder gel results in a well-confined heat deposition volume in the proximity
of the solder-applied region and lessens the outgoing radiative heat flux. Figure 2(e) shows the
distribution of the estimated tissue damage by plotting the damage indicator α ranging from 0
(healthy tissue) to 1 (necrotic tissue). Assuming a temperature threshold of 100 ◦C, the estimated
damage mainly corresponds to the carbonization induced by plasmonic heating.

Summarizing the results of the numerical simulations, we can conclude that the application of
the GNR-embedded solder gel results in a significant and rapid temperature increase, as well as a
localized heat distribution within the sample. It is noteworthy to mention that the temperature
gradient formed during the photothermal process varies the water content as a function of depth,
thus producing different zones of thermal damage in skin. In the following section, we show
how THz radiation can be utilized to monitor the process of nanoparticle-assisted laser-tissue
interaction and characterize various zones featuring different thermal damage in three dimensions.
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3.2. Dynamic THz investigation of nanoparticle-assisted laser-tissue interaction

To identify the evolution of THz signals during the laser-tissue interaction process, a dynamic THz
single-point measurement, relying on the THz-TDS system shown in Fig. 3(a), was performed
during plasmonic heating. A thin layer of solder gel was applied onto the fresh porcine skin
sample, as presented in Fig. 3(b). A CWNIR laser emitting at 786 nm illuminated on the center of
the solder gel with an optical intensity of 42 mW/mm2, activating the strong LSPR of the GNRs
within the solder, thus heating the surrounding skin tissue. The NIR laser beam was collimated
with a diameter (1/e2 of the intensity) of 4.4 mm. In this configuration, the heating speed is
relatively slow, which in turn allows THz waves to precisely track the process of laser-tissue
interaction. The THz beam was focused on the center of the sample with an incident angle of
45◦ and overlapped with the NIR laser beam. The reflected THz signals were simultaneously
recorded at the speed of one trace per second. Plasmonic heating was induced for 250 s and
stopped due to carbonization on the sample surface (as predicted via numerical simulations in
Fig. 2(e) and shown in Fig. 3(c)), leading to the occurrence of a surface bump, due to rapid water
evaporation inside the skin. 250 THz traces were recorded during the THz single-point dynamic
measurement as depicted in Fig. 3(d). Two important features of the THz signal evolution can be
identified: first, the amplitude of the reflected THz signals decreases drastically. This is due to
the heat-induced reduction of water content in the solder gel as well as in the skin, which leads to
a lower THz reflectivity and a higher THz penetration. Second, the temporal duration of the THz
signals increases gradually. This is because the resulting photothermal damage forms various
zones with different refractive indices along the skin depth. THz echoes will occur when THz
waves encounter the interfaces between adjacent zones. The overlapping of THz echoes, due to
the subwavelength thicknesses of such zones, prolongs the time duration of the THz reflected
signals. Therefore, in order to properly characterize the effects of the photothermal damage as a
function of depth, the overlapping echoes should be resolved in time.

The 250 recorded THz traces were processed by FWDD, and the resulting deconvolved signals
are shown in Fig. 3(e). The peak in the deconvolved signals indicates the existence of an interface
within the sample. Specifically, the position and amplitude of the peak corresponds to the location
and reflectivity of the interface, respectively, while the sign of the peak depends on the refractive
indices of the adjacent layers. In our case, a positive peak corresponds to the reflection when THz
waves propagate from a layer with a low refractive index to a layer with a high refractive index.
Almost all the signs of the peaks shown in Fig. 3(e) are positive, mainly because THz waves
propagate from a low-water-content (i.e., low-refractive-index) zone to a high-water-content (i.e.,
high-refractive-index) zone.

Typical recorded THz raw and deconvolved signals at specific times t are selected and plotted
in Fig. 4 to investigate the signal evolution during the plasmonic heating process. Note that
all the deconvolved signals are normalized to their maximum amplitude. In the beginning, at
t = 1 s (i.e. after heating the sample for 1 s), shown in Fig. 4(a1) and (b1), both the raw and
deconvolved signals demonstrate that only one THz echo was received, which corresponds
to the reflection from the surface of the solder gel. The reflectivity was high and no further
THz penetration was observed due to the initial high-water content in the solder gel. As the
plasmonic heating started, the temperature elevated rapidly and the water content decreased
within the solder gel. Consequently, THz waves were able to pass through the solder and reach
the underlying skin surface. Figure 4(a2) shows the THz raw signal at t = 20 s, in which a wider
THz pulse with lower amplitude was observed compared to the raw signal at t = 1 s. This wider
pulse indicates the existence of overlapping echoes. After FWDD, as shown in Fig. 4(b2), two
peaks are clearly identified, corresponding to the reflections from the solder surface and the
solder/skin interface. As the heating continued, the solder was solidified and the water content in
the skin kept decreasing with depth, enabling more THz penetration into the skin. At t = 40 s,
partial overlapping echoes are observed in Fig. 4(a3), where the width of the second peak in the
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deconvolved signal in Fig. 4(b3) is larger compared with that at t = 20 s. This is because the
heat-induced gradient of the water content formed a gradual interface (from low to high water
content), corresponding to the initial region of the coagulation zone in the skin. At t = 50 s, one
additional echo occurs as shown in Fig. 4(a4) and, after FWDD, we can clearly identify one
additional layer in Fig. 4(b4), which corresponds to the stratum corneum of skin. The stratum
corneum was dried out at this stage and was resolved by THz waves. At t = 70 s, burning of
the solder as well as of the stratum corneum took place, thus carbonization started to appear on
the sample surface. In Fig. 4(a5) and (b5), a weak interface between the carbonized solder and
stratum corneum was observed, and the coagulation zone moved towards the epidermis. A further
temperature increase led to the formation of a carbonization zone in the epidermis, as shown in
Fig. 4(a6) and (b6). As the heating continued, the zones of carbonization and coagulation in the
epidermis became larger, as shown in Fig. 4(a7) and (b7). The laser was finally switched off at
t = 250 s, because of the observable surface bump. Such occurrence is due to the rapid water
evaporation inside the skin, since the water content in the epidermis is much higher than that
in the stratum corneum. The deconvolved signal at t = 250 s, shown in Fig. 4(b8), exhibits a
negative peak indicating a zone with lower refractive index. This is a consequence of the fact
that the carbonized area was detached from the underlying skin forming the bump, thus creating
an air gap.

Fig. 4. Typical THz raw and deconvolved signals at specific time t from the dynamic THz
single-point measurement. (a1-a8) correspond to the raw THz signals recorded at t = 1 s, 20
s, 40 s, 50 s, 70 s, 160 s, 200 s and 250 s, respectively. (b1-b8) correspond to the deconvolved
signals after applying the FWDD algorithm to the raw THz signals ranging from (a1) to (a8).
Note that the deconvolved signals are normalized to their maximum peaks.
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Based on the analysis above, we conclude that the deconvolved signal is able to reveal the
evolution of the thermally-affected regions in both the solder and skin during plasmonic heating.
Two strongly correlating indicators, the temporal duration and the number of peaks of the
deconvolved signals, are identified to evaluate the thermally-affected regions. Translating from
the optical delay to depth requires the knowledge of the refractive indices of the various zones.
For instance, in Fig. 4(b2), the optical delay between the two peaks is 0.75 ps. Consequently, with
the knowledge of the refractive index of BSA at 107 ◦C, which is about 1.80 [35], the thickness
of the dehydrated solder layer can be estimated to be 44.20 µm. Unfortunately, the refractive
indices of skin under different damage levels in the THz regime are difficult to retrieve and are
not yet available in literature. As previously mentioned, the refractive index of skin is highly
dependent on its hydration level. When the skin is heated up to 100 ◦C, it starts to be dehydrated
due to water evaporation until carbonization occurs. In this study, we use an effective refractive
index of 1.20 [36], corresponding to dehydrated porcine skin, in order to estimate the depth of
the thermal damage. Based on the deconvolved signal in Fig. 4(b8), such depth is estimated to
be 315.30 µm, considering a temporal delay of 5.35 ps. We would like to note that THz waves
cannot penetrate into the coagulation zone, because of the local increase in water concentration
[21]. Therefore, the depth of the thermal damage estimated in this study mainly corresponds to
the thickness of the damage above the coagulation zone.

3.3. THz three-dimensional characterization of nanoparticle-assisted laser-tissue sol-
dering

In this section, in-vitro experiments for nanoparticle-assisted laser soldering of an incision in the
skin were performed and THz reflective imaging was conducted to quantitatively characterize
the resulting thermal damage in three dimensions. A 5-mm-deep, 10-mm-long incision was
made on the surface of porcine skin samples (dimension: 2.5 cm × 2 cm) using a surgical
blade, following which the solder gel was applied onto both the center and the edges of the
incision. This time, the same NIR laser featuring a focusing beam and spot size of 1.1 mm2 was
applied to the skin in order to achieve a rapid soldering. When a focusing laser beam is used, the
thermally-affected region is expected to be limited to the incision and/or solder region, and this,
in turn, can potentially reduce thermal damage of the peripheral tissue [37]. The skin sample
was positioned onto a motorized translation stage, and the edges of the incision were brought
into contact during the soldering. By moving the stage, the laser soldered the entire incision
area (the length of which was 12 mm) by passing over it three consecutive times with a speed of
0.075 mm/s, each time with a small offset in the Y direction to ensure a broad solder line. The
entire soldering procedure lasted 8 minutes and led to a strong skin tissue bonding effect. Three
samples were prepared, and soldered with a laser intensity of 200 mW/mm2, 300 mW/mm2,
and 400 mW/mm2. As the laser intensity increased, more regions featuring carbonization were
observed on the surfaces of the samples, as shown in Fig. 5(a1-a3). It is worth mentioning that
200 mW/mm2 is the minimum laser intensity found in our study to guarantee a satisfactory
bonding strength. Following the laser soldering process, THz raster-scans with a spatial step of
0.5 mm were immediately conducted and 3D volume data were acquired for each sample. The
FWDD algorithm was then applied to obtain the deconvolved signals, which were normalized to
their maximum peak as previously done.

The THz in-plane images of soldered skin samples, obtained as two-dimensional presentations
of the data and displayed as a top planar view of the samples, are shown in Fig. 5(b1-b3). The
imaging contrast mechanism chosen here is the peak amplitude of the deconvolved THz signals,
and each in-plane image is normalized to the maximum value of its pixels. The soldered regions
in the center of the skin clearly feature lower contrast, since heat-induced variations of water
content serve as the dominant contrast mechanism. While a THz in-plane image is an X-Y
representation of the sample, a THz cross-sectional image provides depth information, along a
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Fig. 5. THz imaging of porcine skin samples after nanoparticle-assisted laser soldering.
(a1-a3) Digital photographs, (b1-b3) THz in-plane images, (c1-c3) THz cross-sectional
images, and (d1-d3) binary THz cross-sectional images of the porcine skin samples after laser
soldering with intensities of 200 mW/mm2, 300 mW/mm2, and 400 mW/mm2, respectively.



Research Article Vol. 11, No. 4 / 1 April 2020 / Biomedical Optics Express 2265

line in the X-Y plane. The temporal duration and the number of peaks of the deconvolved signals,
the two indicators associated with the photothermal damage as a function of skin depth, can
serve as the contrast mechanisms for the THz cross-sectional images. Such images, taken along
the center of the soldered sites, are shown in Fig. 5(c1-c3). The imaging contrast mechanism
chosen is simply the magnitude of the normalized deconvolved signals at a given optical delay. A
threshold with a magnitude of 0.3 is set to remove the noise. In this way, THz cross-sectional
images show the temporal duration (the first indicator) of each deconvolved signal along a line in
the X-Y plane and, therefore, provide the depth information. By performing a peak-detection,
binary THz cross-sectional images can be obtained. Here, the value ‘1’ is assigned to a valid
peak and the value ‘0’ is instead assigned to the other positions regardless of the magnitude.
Binary THz cross-sectional images, shown in Fig. 5(d1-d3), indicate the number of interfaces
(the second indicator) detected along the depth. For a laser intensity of 200 mW/mm2, both
the air/solder and solder/skin interfaces are clearly observed in Fig. 5(c1). We note that the
solder/skin interface reveals itself as a continuous line with a stronger contrast along the X
direction. Our representation demonstrates that the solder gel was dehydrated by the laser-induced
heat, and THz could thus reach the skin surface and penetrate the thermally-soldered region.
However, the skin was not severely damaged, as shown in Fig. 5(d1), since an additional interface
underneath the skin surface could only be detected within a small region. For a laser intensity
of 300 mW/mm2, the solder/skin interface features a weaker line compared to the previous
case, indicating more THz penetration into the skin, as shown in Fig. 5(c2). Further, the longer
temporal duration of the deconvolved signals demonstrates that the thermal-damaged regions
shifted deeper into the skin. Additional interfaces below the skin surface were detected, presented
in Fig. 5(d2), which demonstrate the existence of carbonization and coagulation zones in the
skin. When the laser intensity reached 400 mW/mm2, both the solder and the skin were severely
burned, as clear interfaces can no longer be identified in Fig. 5(c3). The thermally-damaged
region enlarged and moved further into the epidermis. As shown in Fig. 5(d3), more interfaces
under the skin surface can be detected, indicating that a severe damage took place after soldering.
Quantitative information on the depth of the thermal damage can be estimated from the THz
cross-sectional images, upon the knowledge of the refractive index. Figure 6 illustrates the depth
at which thermal damage occurred after laser soldering for each sample, based on the 3D volume
data acquired via THz raster-scans. As it is possible to see, the most damaged area was always
located along the soldered incision (which could reach about 600 µm in depth for a laser density
of 400 mW/mm2) and grew along both the radial and depth directions. These results clearly
show how the thermal damage induced by laser soldering can be quantitatively characterized in
three dimensions by means of the proposed technique.

Fig. 6. THz three-dimensional images of the porcine skin samples after nanoparticle-
assisted laser soldering with intensities of (a) 200 mW/mm2, (b) 300 mW/mm2, and (c) 400
mW/mm2. The contrast mechanism is the estimated depth of the thermal damage induced
by laser soldering.
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4. Conclusion

In conclusion, we have proposed a novel approach to perform simultaneous monitoring of
nanoparticle-assisted laser-tissue interaction and 3D visualization of the photothermal damage
induced by laser tissue soldering, taking advantage of the characteristic sensitivity of THz radiation
to the water content in skin. We have demonstrated that the application of the GNR-embedded
solder gel leads to a significant and well-confined increase of temperature in the treated area, thus
enabling a rapid and strong soldering effect. However, during this process, the thermal gradient in
the skin leads to the variation of its water content as a function of depth, resulting in the creation
of different zones of thermal damage. By performing dynamic THz single-point measurements,
the temporal evolution of THz signals associated with the resulting photothermal damage has
been revealed, which provides a solid foundation for real-time monitoring of thermal dynamics
in biological tissues with THz radiation. Moreover, in-vitro laser skin soldering experiments
were conducted, and THz reflective imaging was utilized to quantitatively characterize the
photothermal damage in three dimensions. Beyond the performed study, this approach can be
considered as a versatile tool for further investigations into clinical therapies associated with
laser-tissue interactions, such as tissue ablation and photothermal therapies.
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